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Riparian areas are valued in arid regions for supporting wildlife diversity. We examined relationships
between small mammal diversity and riparian areas and mechanisms facilitating higher small mammal
diversity in riparian areas. Riparian areas were identiﬁable from uplands by higher plant cover and
supported higher small mammal abundance. Small mammal abundance was related to plant cover and
decreased away from riparian habitat. Riparian and upland habitats supported different species,
contributing to higher gamma diversity via species turnover between habitats. Differences in plant d13C
between riparian and upland habitats were used to track assimilation of riparian resources by small
mammals. Voles and shrews derived signiﬁcant portions of their carbon from riparian vegetation.
Sagebrush vole and woodrat hair was relatively low in d13C, likely the result of assimilating forbs and
annual grasses in upland habitat. Deer and harvest mice were abundant in riparian habitat but assimi-
lated little riparian vegetation indicating that the riparian corridor provided resources other than food. In
addition to food resources, plant cover likely provided protection from predators and a moderate
microclimate. To our knowledge this is ﬁrst use of d13C to trace riparian resources into a vertebrate
community and show d13C as a good proxy for riparian vegetation assimilation.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Riparian areas are terrestrial habitats adjacent to aquatic eco-
systems. Riparian areas are greatly inﬂuenced by their proximity to
water and the primary controlling factor for riparian areas is the
availability of water from in-stream or groundwater sources
(Stromberg et al., 1996). In arid regions, riparian corridors are well
developed along streams and form narrow, linear contrasts of
dense, highly productive vegetation against the sparsely vegetated
precipitation dependent upland matrix. In water limited environ-
ments, riparian areas are scarce and constitute less than 1% of mostPark, Resource Management,
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Riparian resources, such as food, vegetative cover, and water, are
often unavailable in the xeric, precipitation dependent upland
matrix. Despite their low areal extent, riparian areas have a strong
inﬂuence on wildlife diversity (Gregory et al., 1991). High plant
biomass available in riparian areas is an abundant high quality food
source for herbivores (Case and Kauffman, 1997) and also provides
protection towildlife from predators (Peles and Barrett, 1996). High
plant cover in riparian areas moderates the riparian climate, in-
creases shade, decreases solar insolation, lowers temperatures and
increases humidity (Naiman and Decamps, 1997).
Small mammals are ecosystem engineers in arid areas. Seed
caching by small mammals enhances plant germination (McAdoo
et al., 1983), burrowing aerates soils (Huntly and Inouye, 1988),
cycles nutrients (Sirotnak and Huntly, 2000), and maintains early
seral stage plant communities (Kitchen and Jorgensen,1999). As the
prey base for many predators, small mammals are an important-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Small mammal diversity is often higher in riparian habitat than
in uplands. For example, higher small mammal richness (Falck
et al., 2003), abundance (Macdonald et al., 2006), evenness
(Oaten and Larsen, 2008), and increased turnover (Soykan and
Sabo, 2009) are found in riparian habitats across a range of
geographic areas, spatial scales, and time spans. Riparian habitats
exhibit a high level of structural and compositional diversity rela-
tive to uplands (Gregory et al., 1991) and higher small mammal
diversity is often attributed to increased vegetative complexity
(Bateman and Ostoja, 2012). Alternatively, lack of diversity differ-
ences are attributed to a lack of heterogeneity between habitats
(Macdonald et al., 2006).
Habitat heterogeneity in of itself cannot provide a mechanistic
explanation for trends in small mammal diversity. Although the
link between riparian areas and small mammal diversity is perva-
sive, causal mechanisms are not yet established. Habitat hetero-
geneity suggests several testable hypotheses related to resource
availability, such as forage, cover, and microclimate. Increased
resource availability in riparian areas and the general pattern of
higher small mammal diversity in the riparian corridor lead us to a
series of questions meant to clarify mechanisms responsible for
higher small mammal diversity in riparian habitat. Our questions
are followed with a series of predictions.
(1) Is small mammal diversity related to the availability of ri-
parian habitat or proximity to streams? The relationship
between small mammal diversity and riparian habitat is
widespread and general. We expect higher abundance,
richness and evenness in riparian habitat and high turnover
between upland and riparian habitats. Higher diversity
indices may result from differential availability in resources
such as food, cover, and microclimate in riparian habitat. In
arid regions, differences between riparian and upland habi-
tats should maximize habitat heterogeneity, potentially
maximizing contrasts in small mammal diversity.
(2) Do riparian and upland vegetation differ in stable isotope
composition? If so, can stable isotopes be used to trace ri-
parian resources? Phreatophytic vegetation in the Great Ba-
sin occurs where groundwater is available and the presence
of phreatophytes is a deﬁning characteristic of riparian areas
(Bren, 1993). At higher water availabilities, plants are more
efﬁcient at discriminating against the heavier 13C isotope
(Farquhar et al., 1989). Therefore we expect that riparian
vegetation will be lower than upland vegetation in carbon
isotope ratios due to greater availability of soil moisture and
groundwater near streams. If riparian and upland vegetation
differ, stable carbon isotopes can be used to trace feeding and
assimilation of riparian food sources by small mammals.
(3) Do small mammal isotope ratios suggest a diet of riparian
vegetation? Stable isotopes can quantify the direct assimi-
lation of food into the tissues of consumers (Phillips, 2012).
Given a difference between riparian and upland plants, small
mammal consumers assimilating riparian vegetation should
be distinct relative to species assimilating upland vegetation.
Assimilation of vegetation may occur directly by consump-
tion of vegetation or secondarily by consumption of primary
consumers such as insects.
(4) What proportion of riparian vegetation is assimilated by the
small mammal community? The proportion of riparian
vegetation assimilated should be related to habitat use.
Species and individuals with access to riparian resources
should assimilate a higher proportion of riparian carbon than
those lacking access, i.e., upland species.2. Materials and methods
2.1. Study area
The South Snake Range encompasses Great Basin National Park
(N e 38.98, W e 114.30; 31,201 ha) and is located in east central
Nevada in the Great Basin desert. Elevations in the South Snake
range vary from 1621 m in the town of Baker to over 3982 m at the
summit of Wheeler Peak. The climate is cool and arid and varies
dramatically with elevation. In Garrison, Utah (elevation e 1609 m)
mean annual precipitation is 19 cm and mean annual temperature
is 10 C (Western Regional Climate Center, unpublished data). At
the Lehman Caves Visitor Center, Nevada (elevation e 2832 m)
annual precipitation is 33 cm and the mean annual temperature is
9 C (Western Regional Climate Center, unpublished data).
Although there are no weather stations on Wheeler Peak, mean
annual precipitation is estimated between 76 and 89 cm (Western
Regional Climate Center, unpublished data). Ten perennial streams
originate at high elevations in the South Snake Range and are
recharged primarily by groundwater and snowmelt.
2.2. Study design
Three watersheds (Lehman, Snake Creeks, and Strawberry
Creek) were sampled with four transects per watershed. Transects
were randomly located within the watersheds using a stratiﬁed
sampling design. Transects were oriented perpendicular to streams
and extended through the riparian corridor, across the stream, and
approximately 450 m into the uplands. Total transect length was
approximately 520 m. Within a watershed the average distance
between transects was 651 m (sd ¼ 143 m). Watersheds were
separated by approximately 7 km and all streams were ﬁrst order.
2.3. Riparian and upland habitat delineation
To quantitatively delineate riparian and upland habitats, we
measured plant and ground cover using a line-point intercept
method (Herrick et al., 2005). To avoid measuring trampled vege-
tation, sampling points were offset from transects by 5e10 m. At
each sampling point (31 per transect), an observer tossed a pin ﬂag
to their left or right, with the direction determined by coin ﬂip. The
ﬁrst azimuth for the pin drop was randomly chosen by spinning a
compass. The other sampling points were 90, 180, and 270
relative to the ﬁrst point for a total of four samples at each sampling
point. The observer then stood at the pin ﬂag location, closed their
eyes and lowered the pin ﬂag. Pin ﬂag contacts were recorded as
bare soil, rock (rock >10 cm), litter (any organic matter in contact
with the soil), herbaceous vegetation (grasses or forbs), shrub
(woody vegetation <3m in height), or tree (woody vegetation
>3 m in height). The numbers of hits were tallied for each location
(0, 1, 2, 3, or 4) and the total cover values calculated. Cover values
were summed across sampling points and converted to percent-
ages. Cover values were additive and could exceed 100% for total
cover.
2.4. Plant isotopes
Plant samples were collected along transects in August
2007e2009. Samples were oven dried at 50 C, ground in a Wiley
Mill, and analyzed for stable carbon isotope ratios. Plant species and
distance from streams were recorded for each sample.
2.5. Stable Isotope Analysis
Carbon isotopes (d13C) were analyzed with Brigham Young
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Advantage Isotope Ratio Mass Spectrometer (IRMS). Isotope results
are presented relative to international standards in conventional
delta (d) notation as per mil (‰): dsample ¼ Rsample  Rstandard/
Rstandard  103, where R is the ratio of the heavy isotope to the light
isotope. Data are reported relative to Vienna Peedee belemnite
marine limestone (VPDB) and were normalized against standards
for accuracy using linear regression and checked for precision
against duplicate samples. Concentration data was unavailable as
the instrument was not calibrated for quantitative analysis. When
duplicate samples were analyzed, the mean value was reported.
Mean reproducibility for duplicate samples was 0.31‰ ± 0.29
(n ¼ 51) for d13C. Analytical precision was 0.04‰, determined by
measurement of internal standards over several years.
2.6. Riparian and upland climate
To monitor temperature and humidity differences between ri-
parian and upland habitats, we installed a total of ten data loggers,
ﬁve in each habitat (HOBO U23 Pro v2 Temperature/Relative Hu-
midity Data Loggere U23-001). Locations for the data loggers were
chosen randomly by habitat. Data loggers were placed approxi-
mately 1 foot off the ground in the shade of a tree or shrub and
collected data hourly from 1 Julye30 September. Datawas averaged
each hour across habitats. To compare climactic stability between
habitats, we used the daily temperature and humidity ranges,
minimum and maximum values per habitat.
2.7. Small mammal sampling
Small mammals were sampled annually during July and August
from 2007 to 2009 on the twelve transects as described above
(Study Design). Transects were sampled for twelve nights in 2007
and eight nights in 2008 and 2009. Each transect consisted of 31
traps. Within the riparian habitat, traps were spaced approximately
10 m apart. In the uplands, traps were spaced on average 21 m
apart. Seventy-eight traps were placed within the riparian habitat
(27%) and 294 in the upland habitat (73%).
At each trap station a single Sherman live trap (SFAL;
5  6  23 cm; LFA; 8  9  23 cm; or XLF; 15e10  11  38 cm)
was set and baited with sunﬂower and milo seed between
17:00e20:00 h. Traps were checked between 05:00e10:00 h. Small
mammals were ear tagged, identiﬁed to species, visually assessed
for sex, weighed, hair sample collected, and released upon their
initial capture. Recaptured individuals were weighed and assessed
for ear tag number, species, and sex. We used abundance, evenness,
and species richness as response variables of alpha (a) diversity.
2.8. Small mammal d13C analysis
Hair samples, approximately 3 cm2 in area, were collected
dorsally with scissors, immediately anterior to the base of the tail.
Hair was sonicated in deionized water for 30 min, lipid extracted
with petroleum ether for 30 min, and subsamples of approximately
0.75 mg measured with a microbalance in tin cups. Samples were
analyzed for d13C as described above (Stable Isotope Analysis). Hair
was analyzed since it is metabolically inert, preserving the isotopic
information of the consumer at the time it was synthesized.
d13C is often used as a tracer of carbon sources within a foodweb
(Karasov and Martinez del Rio, 2007). Carbon isotope values vary
distinctly between plants of different photosynthetic paths.
Although C3 plants are lower in d13C than C4 and CAM by about
10‰, there are very few C4 or CAM plants in our system. The dif-
ferences we observe in d13C will be between C3 plants. In water
stressed C3 plants, stomata close to minimize water loss. Stomatalclosure reduces the intracellular partial pressure of CO2 and sub-
sequently reduces discrimination against the 13C isotope during
photosynthesis. Conversely, at higher water availabilities, partial
pressure approaches ambient pressure, maximizing discrimination
rates and leading to lower d13C (Karasov and Martinez del Rio,
2007). In riparian areas, plants can photosynthesize with open
stomata, resulting in depleted carbon values relative to uplands.
The low values of d13C in riparian areas are indicative of ground-
water availability and phreatophytic vegetation which are ulti-
mately what we are interested in tracking.
2.9. Mixing models
Mixing models are used to characterize the dietary composition
of consumers (Phillips, 2012).We used one tracer (d13C), two source
Bayesian mixing models to characterize the proportions of riparian
and upland vegetation assimilated into the tissues of small mam-
mals using Stable Isotope Analysis in Program R (SIAR; Parnell et al.,
2010). Mixing models require isotope values for the mixtures (d13C
values small mammal hair), source values (means and standard
deviations of d13C), and a trophic enrichment factor (TEF). The
choice of TEF is the most sensitive parameter in a mixing model
(Caut et al., 2009).
Caut et al. (2009) found that TEFs are directly related to the
isotopic composition of a consumer's diet and recommended using
Diet Dependent Discrimination Factors (DDDF) to determine a
speciﬁc TEF for a given consumer-source system. Using the equa-
tion recommended by Caut et al. (2009) for mammal hair
(TEF ¼ 0.474 (d13C) e 9.064) and the mean value for vegetation
d13C on our study site (26.1‰) gave us a TEF of 3.31‰. We used
3.31‰ for TEF and a standard deviation of 0.1‰ taken from feeding
trials with deer mice (Peromyscus maniculatus) (Miller et al., 2008),
the most abundant species in our study. We did not include con-
centration dependence in the models and priors were set as ﬂat.
To increase sample sizes we included d13C values for several
individuals that were captured opportunistically. These samples
were only used in the mixing models and consisted of ten voles,
three woodrats, eight canyon mice, 25 pocket mice, 39 pi~non mice,
69 harvest mice, four shrews, and ﬁve cliff chipmunk. All samples
were collected in similar habitat, immediately adjacent, and during
the same month as the sampling transects. For species groups with
large enough samples (n 10 individuals per habitat) d13C values of
individuals that occurred in both riparian and upland habitats were
included. This allowed us to examine shifts in diet relative to the
availability of riparian vegetation.
2.10. Statistical analysis
Abundance was the minimum number of small mammals
known alive (MNKA) per trap station. Species richness was the
number of species per habitat by transect. Trapping effort and
hence the number of captures varied by habitat, so we rareﬁed
samples by the median number of captures in the riparian habitat
for comparisons of richness and evenness (Magurran, 2004). Our
evenness metric was the inverse of Simpsons index (SI) calculated
as: SI ¼ 1/[P(ni*(ni  1))/N(N  1)]; where ni ¼ the number of
individuals of the ith species; and N ¼ the total number of in-
dividuals (Magurran, 2004). As SI decreases, community evenness
also decreases.
Singletons were excluded from analyses of d13C, stream dis-
tance, and habitat but were included in calculations of species
richness, evenness, and abundance. To simplify analyses and in-
crease sample sizes, voles (Microtus longicaudus and Microtus
montanus), chipmunks (Tamias dorsalis, Tamias umbrinus, and
Tamias minimus), and shrews (Sorex vagrans and Sorex merriami)
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Habitat, stream distance and species were ﬁxed effects. Sam-
pling was conducted along transects in three watersheds, over
three years. To account for a lack of independence among locations
and years, we used generalized linear mixed models with year,
watershed, and transect as random effects, using the package
glmmADMB (Skaug et al., 2014) implemented in the statistical
environment R. Models of plant isotope data included only water-
shed as a random effect, due to lack of convergence when year and
transect were included. Since plant cover data were collected in a
single year (2009), random effects included only watershed and
transect. When model selection was required, we used likelihood
ratio tests to select the most parsimonious models (Zuur et al.,
2009).
Plant cover, small mammal abundance, and richness were
counts. As count data were overdispersed, a negative binomial
distribution and log link function were used. Small mammal
abundances were zero inﬂated, a common issue with ecological
count data (Zuur et al., 2009). To account for this we included a zero
inﬂation term in the model for small mammal abundance. To
validate model ﬁt, we plotted residuals versus ﬁtted values, re-
siduals versus covariates, and examined histograms of residuals for
normality.
In linear regressionmodels, withmultiple groups as explanatory
variables, one group, the reference group, provides a baseline to
compare the other groups. In experiments, the reference group is
usually the control, which provides an estimate of the effect size of
the experimental manipulations. In observational studies, the
choice of the reference group is arbitrary. We chose deer mice, the
numerically dominant species as the reference group. The intercept
given in the tables represents the mean value for deer mice and the
coefﬁcients for the other groups are the differences from the
reference group (i.e. the difference from the intercept).
Stable isotope and distance data approximated normal distri-
butions and were modeled with a Gaussian distribution and iden-
tity link function. Student's t-tests were used to examine
differences in temperature, humidity, and temperature and hu-
midity ranges between riparian and upland habitats. All p-values
were two tailed and assumed unequal variances between samples.
An F-test was used to compare variances between d13C of riparian
and upland plants. We used Bayesian change point analyses to
detect changes in plant cover and small mammal abundance as a
function of stream distance. The change point in vegetation cover
was used to delineate upland and riparian habitats. Linear regres-
sion was used to correlate plant cover and small mammal abun-
dance. All statistical analyses were done with Program R (R Core
Team, 2014).
This workwas conducted according to the guidelines of Brigham
Young University's Institutional Animal Care and Use Committee,
IACUC project code # 07-0301, scientiﬁc research permits from
Great Basin National Park (GRBA-2007-SCI-0002) and Nevada
Department of Wildlife (S35631), and the American Society of
Mammalogists Guidelines (Sikes et al., 2011).
3. Results
3.1. Riparian and upland habitat delineation
Plant cover declined as a function of increasing stream distance
by 0.85 log odds per hundred meters (z ¼ 7.26; P < 0.001; Fig. 1).
The Bayesian change point analysis indicated a distinct change in
cover occurred at 39m from the stream (64% probability of change).
We interpreted this information as strong evidence of a change in
habitat based on plant cover and delineated riparian habitat from
0 to 40 m of streams and upland habitat as >40 m from streams.Mean total vegetation cover (1.63 log odds; z¼ 7.62; P < 0.0001),
tree cover (2.45 log odds; z ¼ 4.48; P < 0.0001), herbaceous cover
(1.74 log odds; z ¼ 5.31; P < 0.0001), and litter (1.41 log odds;
z ¼ 4.18, P < 0.0001) were higher in riparian than upland habitats.
Bare soil (1.55 log odds, z ¼ 3.47, P < 0.001) and rock cover (1.56 log
odds; z ¼ 2.09, p < 0.001) were higher in upland than riparian
habitats. Habitats did not differ in shrub cover (z ¼1.18, P ¼ 0.24).
Riparian habitats were visually distinct even without statistical
analysis of plant cover. Riparian areas were characterized by species
such as narrowleaf cottonwood (Populus anguistifolia), quaking
aspen (P. tremuloides), willow (Salix spp.), sedges (Carex spp.),
Woods' rose (Rosa woodsii), rushes (Juncus spp.), water birch
(Betula occidentalis), Engelmann spruce (Picea engelmannii) and
white ﬁr (Abies concolor). Upland habitat was characterized by
sparse, xeric vegetation such as basin big sagebrush (Artemesia
tridentata), Mormon tea (Ephedra viridis), singleleaf pi~non (Pinus
monophylla), Utah juniper (Juniperus osteosperma), and various
grass species. A wide variety of forb species occurred in both
habitats.
3.2. Plant carbon isotopes
Stream distance and d13C were weakly related (0.744‰ increase
in d13C per 100 m; z ¼ 4.47; P < 0.001; Fig. 2). The riparian plant
community was isotopically more negative (2.11‰; z ¼ 6.2;
P < 0.0001) and more variable in d13C (ratio of variances ¼ 1.98;
F¼ 1.98, numerator d.f.¼ 95, denominator d.f.¼ 89, P < 0.001) than
plants in upland habitats (Fig. 2). d13C values for riparian plants
ranged from31.5 to21.4 and upland plants from29.4 to20.9.
These ranges exclude an aquatic forb (34.5‰) and a cactus sample
(12.4‰) collected from the riparian and uplands respectively.
Analyses were conducted with and without these values and the
statistical inferences were similar.
We further explored plant d13C by aggregating plants into
functional groups (tree, shrub, forb, and grass). Post-hoc Tukey tests
indicated that there were no signiﬁcant differences between trees,
shrubs, forbs and grasses in riparian habitat (P > 0.7 for all com-
parisons; Fig. 3). Riparian forbs were distinct from upland grasses,
shrubs, and trees (P < 0.05) but did not differ from upland forbs-
annual grasses and riparian plant groups. There were no other
differences between upland plant groups (Fig. 3).
We repeated the model selection process with three groups:
riparian plants, upland forbs-annual grasses, and upland plants
(trees, shrubs and perennial grasses). A three group classiﬁcation
was similar to eight functional groups (likelihood ratio test,
P ¼ 0.354) and did not differ from the two group riparian upland
classiﬁcation (likelihood ratio test, P ¼ 0.3149).
3.3. Climate
Mean riparian temperature was cooler by 3.6 C (t ¼ 4.94,
df ¼ 173, P < 0.001) and mean humidity 16.2% higher (t ¼ 4.65,
df ¼ 181, P < 0.001) than upland habitat. Riparian habitat had a
wider humidity range by 8.7% (t ¼ 22.2, df ¼ 4397, P ¼ <0.001) and
a slightly narrower temperature range by 0.3 C (t ¼ 3.2,
df ¼ 3761, P ¼ 0.001) than upland habitat.
3.4. Small mammal diversity
In total 773 individuals comprising 16 species were captured
over three years of sampling (Table 1). Total effort was 9956 trap
nights, trap success for unique individuals was 8%, and trap success
including recaptures was 23%. Deer mice were by far the most
abundant species in both habitats (Table 1).
Species were separable based on capture distance from streams
Fig. 1. Relationships between stream distance, small mammal abundance, and plant cover. Vertical dotted line represents the change point between upland and riparian habitat
(40 m). Total plant cover is the sum of tree, shrub, grass and forb cover and abundance is the minimum number known alive for each of 31 sampling locations for 12 transects in
Great Basin National Park, Nevada, sampled over three years.
Fig. 2. Relationship between d13C and stream distance for plants in Great Basin National Park. Dotted line represents the delineation between riparian and upland habitats
identiﬁed by a plant cover change point analysis (40 m).
Fig. 3. d13C values for functional groups in riparian and upland habitats. The delin-
eation between riparian and upland habitat was identiﬁed by a change point analysis
for plant cover as 40 m from stream. Mean values for the respective habitats are given
by the horizontal dashed lines. Different letters above boxes indicate signiﬁcant dif-
ferences (Tukey HSD; P < 0.05).
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strongly associated with riparian habitat. Although there was
considerable overlap of individuals across habitats, all other species
were considered upland (Fig. 4). Canyon mice and pi~non mice
occurred furthest from streams and harvest mice, voles and shrews
closest. Shrews, woodrats and sagebrush voles had the largest
variation in capture distances due partially to their small sample
sizes (four, seven, and eight, respectively). A group of ﬁve voles was
captured approximately 200 m from Strawberry Creek in a wet
meadow (Fig. 4). Although this area was not delineated as riparian
habitat based on stream distance, wet meadows are supported by
groundwater and likely provided riparian resources, such as food,
cover and water, to this vole population.
Small mammal abundance was correlated with stream distance
(0.93 log odds per 100 m, z ¼ 2.495, P ¼ 0.013; Fig. 1) and total
plant cover (abundance ¼ 15.53 (total cover) þ 8.961, P ¼ 0.004;
Fig. 1). Small mammals were more abundant in riparian than up-
land habitat (1.32; z ¼ 2.92; P ¼ 0.035). Species richness (z ¼ 0.68;
P ¼ 0.5) and evenness did not differ between habitats (z ¼ 1.19;
P ¼ 0.23). BrayeCurtis similarity between riparian and upland
habitat was 59%.
Table 1
Small mammal captures (minimum number known alive) in riparian and upland
habitats in Great Basin National Park, White Pine County, Nevada. Mammals were
sampled along 12 transects perpendicular to streams, annually in July and August
from2007 to 2009 for a total of 9956 trap nights. Riparian habitat was locatedwithin
40 m of streams.
Common name Species Riparian Upland
Deer mouse Peromyscus maniculatus 120 374
Pi~non mouse Peromyscus truei 2 74
Western harvest mouse Reithrodontomys megalotis 43 33
Great Basin pocket mouse Perognathus mollipilosus, 5 24
Cliff chipmunk Tamias dorsalis 3 22
Least chipmunk Tamias minimus 6 12
Montane vole Microtus montanus 5 6
Canyon mouse Peromyscus crinitus 0 9
Sagebrush vole Lemmiscus curtatus 0 8
Uinta chipmunk Tamias umbrinus 3 5
Desert woodrat Neotoma lepida 1 6
Long-tailed vole Microtus longicaudus 4 2
Merriam's shrew Sorex merriami 1 1
Vagrant shrew Sorex vagrans 2 0
Chisel-toothed kangaroo rat Dipodomys microps 0 1
Ermine Mustela erminea 1 0
Table 2
Results from generalized linear mixed model of stream distance (m) as a function of
small mammal species. Random effects were year, watershed and transect. Deer
mice were the reference group. Statistically signiﬁcant P values are shown in bold.
Variable Estimate Std. error z Value P value
Intercept (deer mice) 192.7 18.7 10.33 <0.0001
Shrews (Sorex spp.) 115.5 69.3 1.67 0.1
Microtine voles 58.4 43.5 1.97 0.05
Western harvest mouse 57.8 13.4 4.31 <0.0001
Great Basin pocket mouse 5 25.6 0.2 0.85
Chipmunks (Tamias spp.) 18.7 16.6 1.13 0.26
Desert woodrat 54.1 46.3 1.17 0.24
Sagebrush vole 56.8 45.5 1.31 0.19
Pi~non mouse 79.4 15.1 5.28 <0.0001
Canyon mouse 157.2 45.6 3.45 0.0006
B.T. Hamilton et al. / Journal of Arid Environments 119 (2015) 41e50463.5. Small mammal stable carbon isotopes
Small mammals in riparian habitats were lower in d13C relative
to uplands (0.70‰; z ¼ 3.68, df ¼ 235, P < 0.001). Small mammalFig. 4. Boxplots of capture distances for small mammals. Dotted line represents the change p
The circle highlights a group of voles captured away from a stream in a wet meadow suppd13C was weakly related to stream distance (0.15 increase in d13C
per hundred meters increase in distance from stream; z ¼ 2.74;
P ¼ 0.0062). Species provided a better explanation of the d13C
values than stream distance or habitat (Fig. 5; likelihood ratio test
P < 0.0001).
Microtine voles and sagebrush voles were lowest and canyon
mice highest in d13C. The difference in mean d13C between voles
and canyon mice was 4.9‰. A linear model, with deer mice as the
reference group indicated that Microtus spp. voles and sagebrush
voles were relatively low in d13C, while pi~non mice were relatively
high (Table 3).
3.6. Mixing models
We used three iterations of mixing models to examine the
assimilation of riparian d13C into the small mammal community.
First, we grouped plants by habitat into upland and riparian groups
to examine the assimilation of riparian d13C by species. A one tracer
mixing model can only resolve two food sources and riparian and
upland plant groups were preferred over plant functional groups as
described above (Plant carbon isotopes). Arvicoline rodents (long-
tailed, montane, and sagebrush voles) assimilated the highest
proportion of riparian d13C, followed by woodrats, and shrews
(Table 4). Conversely, several species were strongly linked to up-
land d13C. Deer mice, pi~non mice, chipmunks, pocket mice, harvest
mice and canyon mice almost exclusively assimilated upland car-
bon with the lower bound of riparian carbon use estimated at
0 (Table 4).
Second, we divided upland plants into upland trees, shrubs and
grasses and upland forbs and annual grasses. We used these two
food sources to examine the assimilation of upland foods by upland
associated species (pocket mice, chipmunks, sagebrush voles,
woodrats, pinon mice, and canyon mice). Upland species varied in
their assimilation of forbs and annual grasses (Table 5). Sagebrush
voles and woodrats assimilated large proportions of forbs and
annual grasses while canyon mice, deer mice, pocket mice, pi~non
mice and chipmunks assimilated very little.
Finally, deer mice, harvest mice, and chipmunks were captured
in sufﬁcient numbers to analyze their d13C as a function of habitat
(n  10 per habitat). Individuals with access to riparian food
sources were expected to assimilate more riparian carbon thanoint between riparian and upland habitats (40 m). Samples sizes are given inside boxes.
orted by groundwater.
Fig. 5. Boxplots of d13C values for small mammals in Great Basin National Park. Samples sizes are given inside boxes. The dotted line is the median value for all individuals (21.7‰).
Table 3
Results from generalized linear mixed model of d13C (‰) as a function of small
mammal species. Random effects were year, watershed, and transect. Deer mice
were the reference group. Statistically signiﬁcant P values are shown in bold.
Variable Estimate Std. error z Value P value
Intercept (deer mice) 21.34 0.21 100.13 <0.0001
Microtine voles 3.6 0.62 5.8 <0.0001
Sagebrush vole 2.58 0.71 3.65 0.0003
Desert woodrat 1.89 0.77 2.47 0.014
Shrews (Sorex spp.) 0.86 1.82 0.47 0.64
Western harvest mouse 0.71 0.3 2.32 0.02
Great Basin pocket mouse 0.05 0.39 0.12 0.91
Chipmunk (Tamias spp.) 0.36 0.31 1.17 0.24
Pi~non mouse 0.93 0.3 3.13 0.002
Canyon mouse 1.19 0.8 1.5 0.135
Table 4
Estimated proportion of d13C derived from riparian sources and upper and lower 95%
HDR.a Proportions were derived from a Bayesian mixing model using the R package
SIAR (Parnell et al., 2010).
Species Modal
proportion
Riparian d13C
Mean
proportion
Riparian
d13C
Low 95%
HDR Riparian
d13C
High 95%
HDR Riparian
d13C
Microtine voles 0.96 0.88 0.73 1
Sagebrush vole 0.6 0.63 0.33 0.98
Desert woodrat 0.49 0.46 0.03 0.84
Shrews (Sorex
spp.)
0.46 0.43 0.05 0.75
Canyon mouse 0.02 0.12 0 0.39
Great Basin
pocket
mouse
0.01 0.03 0 0.07
Western
harvest
mouse
0.01 0.06 0 0.16
Chipmunks
(Tamias spp.)
0.01 0.03 0 0.09
Pi~non mouse 0.01 0.01 0 0.04
Deer mouse 0 0.01 0 0.02
a HDR ¼ high density region.
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gested subtle differences between species (Table 6), the 95% cred-
ible intervals for all species included zero for the proportion of
riparian derived d13C. For deer mice and chipmunks, the modes,
means, and upper bounds were higher for individuals captured in
riparian habitat than upland, suggesting greater assimilation of
riparian food sources by individuals in riparian habitat (Table 6).
This trend was not discernible for harvest mice. Regardless of the
trend, the mean proportion of riparian vegetation assimilated was
low (<20%) and suggests that the riparian corridor provided re-
sources to these species groups primarily unrelated to food.4. Discussion
Small mammals were more abundant in riparian habitats than
in uplands. Riparian and upland habitats also supported different
species assemblies, contributing to higher gamma diversity via
species turnover between habitats. Harvest mice, montane and
long-tailed voles, and shrews were strongly linked to riparian
habitat while other species, such as pi~non and canyon mice, were
associated with upland habitat. In our study, small mammal
abundance was related to plant cover and decreased away from
riparian habitat, but species richness and evenness did not differ
between riparian and upland habitats. Although multiple studies
have found higher measures of diversity in riparian habitat, thetrend is far from universal. Doyle (1990) found higher richness and
evenness over a three year study in Oregon. Lehmkuhl et al. (2008)
found higher richness and abundance in riparian habitat in
Washington, while Gomez and Anthony (1998) found higher
abundance and species turnover but not higher richness in Oregon.
Alternatively, other studies have shown no difference in abundance
or richness between riparian and upland habitats (Hanley and
Barnard, 1999; Laerm et al., 1997).
These disparities in diversity between habitats may be related to
sample design. Most studies comparing diversity have monitored
small mammals for short time periods for a single season. Sullivan
et al. (2014) sampled riparian and hedgerow habitats for seven
years over different seasons and found seasonal variation in di-
versity patterns. Although our study occurred over three years,
sampling was limited to the summer. During the winter, riparian
habitat may lose value for food and cover, as plant production ends
and deciduous trees lose their leaves. Similarly, climate data was
Table 5
Estimated proportion of d13C assimilated by upland small mammals from upland
forbs and annual grasses and upper and lower 95% HDRa. Proportions were derived
from a Bayesian mixing model using the R package SIAR (Parnell et al., 2010).
Species Modal
proportion
upland forbs
and annual
grasses d13C
Mean proportion
upland forbs and
annual grasses
d13C
Low 95%
HDR upland
forbs and
annual
grasses
d13C
High 95%
HDR upland
forbs and
annual
grasses
d13C
Sagebrush vole 0.86 0.96 0.62 1.00
Desert woodrat 0.45 0.49 0.05 0.81
Canyon mouse 0.08 0.02 0.00 0.24
Deer mouse 0.01 0.00 0.00 0.02
Great Basin
pocket mouse
0.03 0.01 0.00 0.07
Pi~non mouse 0.01 0.00 0.00 0.03
Chipmunks 0.02 0.01 0.00 0.06
a HDR = high density region.
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change during the winter. Seasonal shifts in plant production and
microclimate could alter the patterns in diversity we observed.
Hair reﬂects the isotopic composition of the mammal's body at
the time it was grown (Miller et al., 2008). Most small mammals
molt is in the spring, several weeks to months before we sampled.
Thus the information we used to infer diet was time lagged, and
was representative of the animal's d13C composition at the time the
hair was synthesized rather than the time of collection.
Trends of higher small mammal diversity in riparian habitat
seems to be strongest where riparian habitat contrasts most with
uplands, implicating heterogeneity as a proximal explanation
(Maisonneuve and Rioux, 2001). However, as heterogeneity is not
in of itself a mechanism, we used d13C assimilation to separate
species that relied on riparian vegetation for food versus species
that did not. This goal presented several challenges primarily
related to meeting the assumptions of the mixing models.
Mixing models are highly sensitive to trophic enrichment fac-
tors (TEF). For most mammal species, TEFs are unknown. The deer
mouse is the only species in our community with an experimen-
tally determined TEF (0.3‰; Miller et al., 2008). It was immediately
apparent that a TEF of 0.3‰ was too low in our system, given the
much larger difference in means between plants and mammal hair
measured in our system (4.7‰). Had we used 0.3‰ as TEF, the
proportion of estimated riparian vegetation assimilatedwould have
decreased by about 9%. We considered calculating a unique TEF forTable 6
Estimated proportion of d13C derived from riparian sources for small mammal
species captured in both upland and riparian habitats and upper and lower 95%
HDRa. Proportions were derived from a Bayesian mixing model using the R package
SIAR (Parnell et al., 2010).
Species Modal
proportion
riparian
d13C
Mean
proportion
Riparian
d13C
Low 95%
HDR Riparian
d13C
High 95%
HDR Riparian
d13C
Riparian deer mouse 0.08 0.09 0.00 0.19
Upland deer mouse 0.00 0.02 0.00 0.05
Riparian harvest
mouse
0.03 0.13 0.00 0.36
Upland harvest
mouse
0.03 0.12 0.00 0.35
Riparian chipmunk
(Tamias spp.)
0.04 0.16 0.00 0.47
Upland chipmunk
(Tamias spp.)
0.02 0.07 0.00 0.17
a HDR = high density region.each species but for simplicity, we ultimately applied the TEF of
3.31‰ to the whole community.
We are not suggesting that small mammal carbon assimilation
was entirely due to direct herbivory. Many of the species in our
community are omnivores and assimilated carbon secondarily via
insectivory. Although we did not have data on insects to include as
a food source, the plants used in our mixing models form the base
of the food web. Regardless of the trophic steps in carbon assimi-
lation, we were interested in the assimilation of riparian carbon
derived from plants which can be approximated using isotopic
techniques as is commonly done in ecological studies (Karasov and
Martinez del Rio, 2007).
We collected a wide array of plant species from both upland and
riparian habitats. Variation in d13C was higher in riparian plants
than the upland plants and the lower range of upland plants
overlapped with the upper range of riparian plants. Much of this
overlap was due to upland forbs and annual grasses which were
relatively low in d13C. Mixing models cannot distinguish between
sources that do not differ signiﬁcantly, so grouping plants did not
help resolve the issue of overlap. When overlapping food sources
are encountered, it is recommended to combine groups, as we did
with forbs and annual grasses in upland habitat.
Regardless of the differences between plant groups, single tracer
isotope mixing models can only resolve two food sources (Phillips
et al., 2014) and the model selection process supported an upland
and riparian classiﬁcation. In addition, using only two food sources
does not allow ﬁne scale characterizations of plant parts such as
seeds versus leaves and insects. Since our fundamental goal was to
quantify the importance of upland and riparian habitats via
assimilation of riparian plants into the small mammal community,
and not to assign speciﬁc food sources to different animal species,
this limitation was not a problem. Measuring additional isotopes
can increase the number of food groups that can be incorporated
into themixingmodels. In our case, nitrogenwasmeasured but was
uninformative in distinguishing between plant groups. It's possible
that using additional tracer isotopes such as deuterium, oxygen,
strontium, or sulfur could strengthen the accuracy and precision of
the estimates of food assimilation and allow the resolution of
additional food sources.
We did not include concentrations in the mixing models as our
instrument was not calibrated for quantitative analysis. At the
course scale of two food sources, it's unlikely that concentration
data would have impacted on our results. Had we incorporated
additional tracers and food groups, concentration data could have
been important, as assimilated carbon tends to be routed from
foods high in protein, such as insects rather than plants (Phillips
et al., 2014).
Plant carbon isotope values were better explained by riparian
and upland groupings than by functional groups. The difference
between mean plant d13C between habitats was small (2‰) but
highly signiﬁcant. Mixing models can reliably distinguish between
sources as small as 2‰, particularly when the standard deviations
of the sources and mixtures are low and sample sizes are high
(n > 10; Phillips and Gregg, 2001). Differences in d13C of this
magnitude have been used to infer landscape scale changes in
vegetation. For example, a shift of <2‰ in the d13C of bat guano led
to the inference that a monsoon had returned shifting vegetation
from C3 to C4 on a landscape scale (Wurster et al., 2008). We have a
strong a strong mechanistic explanation for lower plant d13C in the
riparian corridor, strengthening our inferences. Inwater stressed C3
plants, stomata close to minimize water loss. Stomatal closure re-
duces the intracellular partial pressure of CO2 and subsequently
reduces discrimination against the 13C isotope during photosyn-
thesis. Conversely, at higher water availabilities, partial pressure
approaches ambient pressure, maximizing discrimination rates and
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parian areas, plants can photosynthesize with open stomata,
resulting in lower carbon values relative to uplands.
Ultimately, mixing models allowed us to quantify the assimila-
tion of riparian derived food sources into the small mammal
community. Understanding the importance of riparian vegetation
as a food source was a fundamental goal to clarify the mechanism
allowing differences in small mammal diversity between riparian
and upland habitats. In arid lands, many small mammal pop-
ulations are limited by food availability (Beatley, 1976) and small
mammals are predominantly bottom-up controlled by resource
availability (Meserve et al., 2003). Given the higher plant produc-
tion of riparian habitat relative to uplands, we hypothesized that
riparian plants were important food resources for small mammals.
Riparian plants contributed greatly to the carbon assimilation of
voles (Microtus spp.) and shrews. Voles assimilated nearly all their
carbon from riparian vegetation indicating a diet primarily of ri-
parian vegetation. Similarly, shrews derived a large proportion of
their carbon from riparian vegetation, secondarily by ingesting
invertebrates. Shrews are obligate insectivores (Gillihan and
Foresman, 2004), while voles are strictly herbivorous (Sera and
Early, 2003). The assimilation of riparian derived carbon by these
species demonstrates the importance of riparian food sources
across multiple trophic levels in the small mammal community.
After riparian associated montane and long-tailed voles, sage-
brush voles were lowest in d13C, intimating the majority of their
carbonwas derived from riparian vegetation. However, it's unlikely
that sagebrush voles fed on riparian plants. Sagebrush voles were
strongly associated with uplands, are herbivorous (Carroll and
Genoways, 1980), and have small home ranges (<50 sq m;
Mullican and Keller, 1986). The second iteration of the mixing
model showed that sagebrush voles likely fed on upland plants
with low d13C (forbs and annual grasses), rather than riparian
vegetation, an explanation consistent with its known feeding
ecology (Carroll and Genoways, 1980).
In spite of an association with upland habitat, woodrats also
utilized a large proportion of food sources with low d13C values. The
daily movements of woodrats regularly exceeds several hundred
meters (Stones and Hayward, 1968) and it is plausible that wood-
rats foraged in the riparian corridor. However, the relatively low
d13C of upland forbs and annual grasses, can prove an alternative
explanation for woodrat carbon.
Perhaps our most interesting results are for riparian associated
small mammals that apparently did not assimilate riparian vege-
tation. Harvest mice were closely associated with streams and ri-
parian habitat, yet were estimated to assimilate only 6% of their
carbon from riparian vegetation. This did not vary as a function of
habitat as animals closer to streams did not have lower d13C than
individuals further from streams. Harvest mice are primarily
granivorous but also feed on insects (Webster and Jones, 1982).
Riparian corridors were narrow (~80 mwide) and it is possible that
harvest mice moved into the uplands to forage. Run-on subsidies
from upland to riparian habitats are well documented (Nakano and
Murakami, 2001) and may have provided allochthonous food to
harvest mice in riparian habitat in the form of seeds and insects.
Alternatively, harvest mice may have fed on grass and shrub seeds
within the riparian corridor which were higher in d13C.
Harvest mice and deer mice were abundant in riparian habitat,
assimilated very little riparian carbon, and likely relied on foods
from outside the riparian corridor or selectively fed on foods with
high carbon values in the corridor. Riparian food sources with low
d13C values can therefore be excluded as a mechanism supporting
harvest and deer mice in the riparian corridor. So what resources
does the riparian corridor provide to deer and harvest mice?
Riparian habitat was clearly identiﬁable by higher plant coverthan uplands. High plant cover moderated the riparian microcli-
mate and provided two distinct habitats that were segregated by
small mammals. Small mammals were also more abundant in ri-
parian habitat and abundance closely tracked plant cover. Areas of
high plant cover are often selected by small mammals as a mech-
anism to reduce predation (Manson et al., 1999). Alternatively a
cool, humid microclimate important to some species of small
mammals (Sera and Early, 2003) is available in the riparian corridor.
Even for species feeding on riparian foods, the protection and
microclimate provided by riparian plant cover are likely to interact
with forage. Our data did not allow us to distinguish between the
effects of cover as protection from predators versus from
microclimate.
To our knowledge this is ﬁrst use of d13C to track the ﬂow of
riparian food sources into a vertebrate community. Although there
were several issues related to meeting the assumptions of the
mixing models, d13C is a suitable proxy for riparian vegetation
assimilation. The utility of d13C as a proxy for riparian vegetation is
a novel way to track riparian resource use, particularly in more arid
regions where the contrast between upland and riparian vegetation
is stronger.
4.1. Conservation implications
Riparian areas are highly valued for their ability to support
wildlife (Gregory et al., 1991). We found higher small mammal
abundance in riparian habitats relative to uplands and turnover
between riparian and upland habitats, trends consistent with other
studies. Plant cover appeared to be an important mechanism
facilitating high small mammal diversity in riparian areas. Plant
cover provided resources to small mammals in the form of forage,
protection from predators and a cool, humid microclimate.
Applications for domestic, industrial and agricultural ground-
water pumping are increasing across the arid west. Proposed rates
of groundwater pumping are predicted to lower water tables, kill
phreatophytes, reduce plant cover and shift riparian plant com-
munities towards xeric adapted vegetation (Deacon et al., 2007).
Such changes to riparian vegetation would negatively impact small
mammal diversity, reducing small mammal abundance and rich-
ness and decreasing overall gamma diversity. Small mammals can
be keystone species, are important prey for predators, and serve
critical roles in ecosystem function. Therefore, this change has the
potential to cascade across trophic levels and indirectly impact
other species within the Great Basin, changing extant plant and
animal populations in the existing ecosystem where excessive
groundwater pumping is permitted.
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